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Abstract 
To date, the development of solar environmental remediation has shifted more 
emphasis on the green and simple synthesis of catalyst for CO2 photocatalysis process. 
Herein, TiO2 photocatalyst was successfully synthesized via hydrothermal method. The 
effects of the different molar ratio of ascorbic acid C6H8O6, (AA) added during the 
preparation of TiO2 nanoparticles were comprehensively studied. The characterization 
of TiO2 nanocrystals was performed via XRD, XPS, DRUV-vis, and FTIR. The results 
show the AA loading into TiO2 nanoparticles significantly intensified the XRD spectra 
of anatase structure. In fact, this feature had signified a reactivity of the photocatalyst in 
the visible region. In an instance, BET surface area was also enhanced with the highest 
recorded value of 135.14 m2/g for 0.8AA. Meanwhile, the CO2 photoreduction over 
synthesized TiO2 had produced the highest amount of HCOOH at 39.3 μmol/g cat for 
0.8AA within 6 hours of reaction time. Furthermore, the DRUV-vis analysis had 
illustrated better light absorption ability of 0.8AA. This profound finding is attributed to 
the correlation between large surface area, pure anatase phase, and high adsorbed water 
molecules. Therefore, this study had significantly demonstrated the potential of 
modified TiO2 with AA in CO2 photocatalysis area while simultaneously presents a 
green and simple method for TiO2 synthesis. 
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Introduction 
Recently, photocatalytic reduction of CO2 provides a realistic insight to minimize 
atmospheric CO2 while fulfilling the fuel production for world energy demand [1–4]. 
Virtually, TiO2 photocatalyst has gained huge attraction for CO2 photoreduction process 
owing to its reasonable price, non-toxic, chemically stable, and both optically and 
electronically stable [5]. 
Nevertheless, the low photon absorption of TiO2 which is primarily in UV range 
only (2-5% of solar spectrum) had contributed to its inability to be efficient for visible 
region (43-45% of solar spectrum) [6]. Further, another primary concern is relatively 
poor adsorption of CO2 on the surface of TiO2 [7, 8]. In CO2 photoreduction with H2O, 
it is highly imperative to ensure the excited photogenerated electrons (e-CB) reduce 
adsorbed CO2 into chemicals concerning their redox potentials and the positive holes 
(h+VB) oxidize water into O2 and H+ [3]. Li et al. [9] believed that specific distorted atom 
structure on the photocatalyst surface might positively influence the adsorption of CO2 
molecules onto the surface rather than H2O molecules. Various ways have been 
explored to improve CO2 adsorption capability onto the surface of TiO2 such as facet 
engineering using Pt [1,4], hybrid adsorbent photocatalyst [7], graphene loaded TiO2 
[10] and acidified enhanced TiO2 [11]. 
Despite the significant milestones achieved in synthesizing surface defect TiO2, 
most of the previous studies require multi-step synthesis route including coupled 
hydrothermal-photodeposition [1], solvothermal followed by photodeposition and 
chemical reduction method [4], coprecipitation followed by hydrothermal treatment and 
modified Hummer’s method followed by hydrothermal treatment [10]. Meanwhile, He 
et al. [11] synthesized TiO2 simple hydrothermal method using hydrofluoric acid (HF) 
and further impregnated with sulfuric acid, H2SO4. Despite this, the usage of highly 
stable and toxic HF is dangerous, and a significant improvement is needed for the 
synthesis procedure of surface defect TiO2. 
Ascorbic acid, C6H8O6 (AA) is one of the weak acid and widely used in various 
applications due to its mild nature and non-toxic properties [12, 13]. In this paper, a 
simple hydrothermal method is used to synthesize TiO2 using titanium (III) chloride 
(TiCl3) and ascorbic acid. Hence, the objective of this paper is to determine the effect of 
AA loading on the physiochemical properties TiO2 catalysts and CO2 photoreduction. 
Experimental section 
Chemicals and reagents 
Chemicals used in this study are: titanium (III) chloride (15% TiCl3 in 10% HCl, 
Merck), 99% L-ascorbic acid (C6H8O6, R&M Chemicals); sodium hydroxide pellets 
(NaOH, Merck); calcium hydroxide [Ca(OH)2, Acros Organic]; 95% denatured ethanol 
(C2H5OH, HmbG); sulfuric acid solution [c(H₂SO₄) = 0.5 mol/L, Merck]; formic acid 
for analysis (HCOOH, Merck); and methanol for analysis (CH3OH, Merck). The 
chemicals were used without further purification. 
Synthesis Procedure 
The synthesis of TiO2 nanostructures was initiated by the addition of a different 
amount of ascorbic acid, C6H8O6 (AA)  to 100 mL of deionized water to achieve desired 
AA-TiO2 molar ratio [14]. After 10 minutes of stirring, 7.20 g TiCl3 was added to the 
solution. Then, 4 M NaOH solution was added until pH of the mixture increased to 4.0 
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[15]. Next, the mixture was treated with ultrasonication using an ultrasonic water bath 
(Bandelin, 300W, 35 kHz) at 35˚C for 1 hour [10]. The resulting suspension was then 
transferred equally into four Teflon-lined stainless-steel autoclave with a volume of 
70mL and heated at 180 °C for 12 hours. 
The autoclave was allowed to cool down to room temperature, and the precipitate 
was washed alternately three times with ethanol and water. The resultant slurry was 
dried in an oven (Memmert UF 110) for overnight at 80°C. The catalysts were denoted 
as mAA, where m was a molar ratio of C6H8O6 to Ti. For example, TiO2 with 0.493 g of 
C6H8O6 with a molar ratio of 0.4 was represented by 0.4AA. 
Nanoparticles characterization 
The nanoparticles were characterized by powder X-ray Diffractometer (XRD), to 
determine the phases, present in the prepared TiO2 powders. The diffraction patterns 
were analyzed using X’Pert3 Powder, PANalytical diffractometer with Cu Kα radiation 
at 45kV and diffracted beam monochromator at 40 mA, scanned from 10° to 90° in 
continuous mode at the intervals of 0.03° and with 0.3 s time steps. The crystallite sizes, 
D were calculated using Debye Scherrer’s equation: 
𝐷 =
𝑘 𝜆
𝛽 𝑐𝑜𝑠 𝜃
 1 
where k is a constant, assumed to be spherical, k = 0.9, λ is X-ray wavelength (λ= 
1.5406 Å), β  is full width at half maximum (FWHM) of major peak and θ is Bragg’s 
diffraction angle [16].  
A standard sample of LaBr6 was used as a reference for diffractometer resolution 
function and line broadening to estimate the crystallite sizes [17]. Database ICDD PDF-
2 was used to identify phases exist in the prepared TiO2 [18]. Rietveld refinement was 
performed using HighScore Plus 4.2 software to determine the structural parameters of 
the synthesized TiO2. The fitting considered the overall raw pattern compared to the 
conventional method of the experimental pattern. The analysis of surface functional 
groups was performed by Fourier Transform Infrared spectrometer (FTIR, Spectrum 
One, Perkin Elmer).  
The N2 adsorption-desorption isotherm was determined at 77 K using Surface 
Area and Pore Size analyzer (SAP, Micromeritics ASAP 2020). Before the 
measurement, the nanocrystal was degassed at 403 K for 4 hours. The elemental state of 
the synthesized catalyst was investigated using X-ray Photoelectron Spectrometer (XPS, 
Thermo Fisher K-Alpha) equipped with monochromatic Al Kα source (hυ = 1486.6 
eV). The XPS spectra were analyzed using Thermo Scientific Avantage software. The 
peak fitting was performed using Gaussian–Lorentzian shapes with Shirley background 
subtraction [19]. 
The absorbance spectra were obtained using Diffuse Reflectance UV-visible 
spectroscopy (DRUV-vis, G9821A model, Agilent Cary 100) fitted with an integrated 
sphere. The absorbance analysis was conducted with a wavelength range of 200-800 nm 
under ambient condition and using BaSO4 as a standard sample [20]. To estimate the 
band gap energies, the absorption edge of each respective catalyst was extrapolated to 
the x-axis of absorption wavelength (λ). The x-intercept was then substituted in the 
following equation [21]: 
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 𝐸𝒈 =
1239.8
𝜆
 2 
where Eg is the band gap energy (eV), and λ is the edge wavelength (nm). The Kubelka-
Munk function, F(R) against wavelength was also recorded using spectroscopy. Both 
graphs of [F(R).hυ]1/2 vs. hυ (indirect transition) and [F(R).hυ]2 vs. hυ (direct transition) 
were also plotted, and the estimated band gap values from both plots were compared to 
earlier band gap values (absorbance method). 
CO2 photoreduction with H2O 
Photocatalytic reduction of CO2 was conducted in an ambient condition using 
halogen lamp (500 W, 1190 W/m2) as visible light source and cooling fan was used to 
remove the heat from the lamp. The lamp was positioned 5 cm above a cylindrical glass 
reactor (height 10 cm, 5 cm diameter and total volume 100 cm3) equipped with circular 
quartz window sealed with flange for absorption of light irradiation. The experiment 
was initiated by the addition of 0.105 g of TiO2 catalyst into 70 mL of 0.1 mol/L 
Ca(OH)2 solution (pH = 7.1 + 0.1) in the reactor. Before the reaction, the pH value was 
adjusted with 0.005 mol/L H2SO4 solution. 
Then, the catalyst was uniformly dispersed using a magnetic stirrer placed at the 
bottom of the reactor. Next, pure CO2 gas (99.8% purity, Linde group) was bubbled into 
the solution at a flow rate of 200 mL/min for 30 minutes in the dark to saturate CO2 in 
the medium and purge the reactor [6]. After 30 minutes, the reactor was sealed tightly, 
and the lamp switched on immediately to start the reaction. The photoreduction process 
was performed in batch mode during 6 hours reaction with CO2 flow stopped at the 
beginning of the irradiation.  
The reactor was placed in a water bath to control the temperature throughout the 
reaction, and soap bubble solution was used to check for any leakage exists in the 
experimental setup. 5mL of the products was collected by using a syringe at specific 
intervals and further filtered using 0.45 μm PTFE filter. The products were analyzed 
using High Precision Liquid Chromatography (HPLC, Agilent 1100). The equipment 
was fitted with both Refractive Index (RI, temperature = 35 °C) detector and UV 
detector (UV, 210nm).  
For explicit quantification and accurate analysis, Transgenomic organic acid 
column (IC Sep ICE-ORH-801, 6.5 mm x 300 mm) was utilized in the product analysis 
with average column pressure and temperature of 94 bar and 65˚C respectively. The 
eluent used was 0.005 mol/L H2SO4 at a flow rate of 0.60 μL/min with a runtime of 20 
minutes to detect all possible products that may exist. Both external standard 
(calibration curve) and internal standard (99% CH3OH for analysis, 99% formic acid for 
analysis, Merck) were used to quantify the products. 
Results and discussion 
Fourier Transform Infrared (FTIR) analysis 
Figure 1 shows the FTIR spectra of the prepared TiO2 and P25 TiO2. FTIR 
analysis examined the existence of functional groups in all photocatalysts. 
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Fig. 1. FTIR spectra of P25 TiO2 and synthesized TiO2. 
Figure 1 shows the consistent existence of TiO2 spectrum in the low-frequency 
bands in the region of 500 cm-1 - 900 cm-1. These broad absorption bands can be 
associated with the vibration of TiOTi bond which was supported by previous studies 
[21–23]. 
The sharp absorption bands of bending bond of water Ti-OH can be observed in 
the range of 1623.63 cm-1 to 1630.76 cm-1 with 0.4AA signified the lowest intensity 
among the synthesized catalysts [24,25]. Meanwhile, the stretching vibration of 
hydroxyl groups (O-H) with broad peaks between 3367.36 cm-1 and 3434.31 cm-1 can 
be attributed to adsorbed water molecules with the highest intensity of 0.8AA [26]. 
Besides, the intensity of surface –OH groups increased with increasing C6H8O6 
(AA) loading. This trend suggests that increasing AA loading had enhanced the 
adsorption of water molecules on the surface of TiO2; this is in agreement with the 
recent study by Tsai et al. [23] which utilized HCl treatment in preparing TiO2 
nanostructures. In CO2 photoreduction with H2O, it is imperative to adsorb H2O 
molecules onto TiO2 surface due to induction of H+ from the reaction between H2O and 
holes [8]. The H+ will be further reduced to •H radicals by photogenerated electrons, e-
CB [3]. These •H radicals will further react with CO2•- radicals to form possible products 
such as HCOOH, CH3OH or HCHO. 
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X-ray diffraction (XRD) analysis 
Figure 2 illustrates the XRD patterns of the P25 TiO2 and TiO2 nanoparticles. 
XRD analysis was performed to evaluate the effect of AA loading to the crystallinity of 
the synthesized TiO2. 
 
 
Fig. 2. XRD patterns of the TiO2 nanocrystals. 
From Figure 2, it could be seen that all the synthesized TiO2 and P25 TiO2 have 
identical XRD patterns. Pure anatase phase was recognized in all enhanced TiO2 
(0.4AA, 0.8AA and 1.2AA).  
Meanwhile, P25 TiO2 was primarily formed in anatase phase with a small 
amount of rutile phase whereas, in 0.0AA, all three phases of rutile, brookite, and 
anatase were recorded in different proportions. The existence of brookite phase in bare 
TiO2 without AA is by the result obtained by Ren et al. [14]. The prominent peak of (1 2 
1) brookite was located at 2θ = 30.9° (ICDD 01-080-7624).  
Nevertheless, all catalysts have the main peak of (1 0 1) anatase at almost similar 
positions of 25.5°, 25.6°, 25.3°, 25.4°, and 25.4° of P25, 0.0AA, 0.4AA, 0.8AA and 
1.2AA respectively (ICDD 01-089-4921, 01-075-2552, 01-076-3179, and 01-073-
1764). Besides, the major peaks of (1 1 0) rutile appeared at 27.6° and 27.7° of P25 
TiO2 and 0.0AA respectively (ICDD 01-078-1510). The phase content, lattice 
parameters (a, b and c), full-width at half-maximum (FWHM total) and crystallite sizes 
based on major peaks of (1 0 1) anatase, (1 1 0) rutile and (1 2 1) brookite were 
summarized in Table 1.  
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Table 1. Structural parameters of TiO2 nanocrystals. 
Phase Anatase Rutile Brookite 
Structural 
parameters 
P25 0.0AA 0.4AA 0.8AA 1.2AA P25 0.0AA 0.0AA 
Major peak 25.5˚ 25.6˚ 25.3˚ 25.4˚ 25.4˚ 27.6˚ 27.7 ˚ 30.9˚ 
Major plane (1 0 1) (1 0 1) (1 0 1) (1 0 1) (1 0 1) (1 1 0) (1 1 0) (1 2 1) 
Crsytallite size 
(nm) 
23.4 9.8 11.3 10.6 14.9 35.5 9.8 14.6 
Phase content (%) 89.0 17.6 100.0 100.0 100.0 11.0 61.2 21.2 
FWHM total 0.3979 0.5314 0.7079 0.7698 0.5602 0.2440 0.9526 0.5218 
a (Å) 3.7858 3.7761 3.7866 3.7863 3.7878 4.5937 4.6012 5.1451 
b (Å) a = b a = b a = b a = b a = b a = b a = b 9.1795 
c (Å) 9.5074 9.4700 9.4935 9.4953 9.4985 2.9588 2.9549 5.4719 
 
P25 TiO2 was a binary mixture of 89.0% of anatase and 11.0% of rutile phase. 
Conversely, 0.0AA was a ternary mixture of 61.2%, 21.2%, and 17.6% of rutile, 
brookite, and anatase respectively. Inada et al. [27] discovered that the usage of 
autoclave could induce the formation of brookite crystals in the TiO2 which was 
synthesized from the TiCl-based precursor. On the contrary, the addition of C6H8O6 
(AA) completely changed the phase of AA enhanced TiO2 into pure anatase phase. H-T 
Ren et al. [14] highlighted that TiO2 nanoparticle with a molar ratio of AA to Ti > 0.25 
were in pure anatase phase. In pure anatase phase, 0.8AA recorded the smallest 
crystallite size of 10.6 nm whereas the most significant crystallite size of 14.6 nm was 
recorded for 1.2AA in monophasic anatase system. 
The addition of C6H8O6 (AA) did affect the crystallographic structure of TiO2 
which was proven by a gradual increment of c value of lattice constant of anatase phase. 
Also, the FWHM total values also increased relatively with the standard P25 TiO2. 
Chen et al. [28] asserted that the elevation in peak broadening could be due to the 
smaller size of TiO2 nanocrystals compared with bulk TiO2. 
Brunauer-Emmett-Teller (BET) analysis 
Table 2. BET/BJH analysis of TiO2 nanocrystals. 
TiO2 SBET Pore Volume Pore size Crystallite size A/R/B 
nanocrsytals (m2/g) (cm3/g) (nm) anatase (nm)* composition (%)* 
P25 49.02 0.2177 16.65 23.4 89.0/ 11.0 
0.0AA 81.21 0.3648 14.66 9.8 17.6/ 61.2/ 21.2 
0.4AA 107.12 0.2312 6.56 11.3 100.0 
0.8AA 135.14 0.2594 5.76 10.6 100.0 
1.2AA 93.52 0.2239 7.16 14.9 100.0 
*From XRD data analysis 
 
Table 2 presents the measured parameters from N2 adsorption-desorption using 
ASAP Micromeritics 2020 equipment. It can be seen that addition of AA has 
significantly influenced the BET surface area, SBET of the synthesized TiO2. The highest 
recorded SBET was 135.14 m2/g of 0.8AA meanwhile the lowest SBET was 49.02 m2/g of 
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P25 TiO2. Likewise, the measured SBET value for P25 TiO2 is similar to the reported 
value of 49.6 m2/g  as discovered by Sosnov et al. [29]. 
In fact, the SBET values for all AA enhanced TiO2 were significantly 
higher than P25 TiO2. On the other hand, the SBET value for 0.0AA was 
81.21 m2/g in which was lower compared to the SBET values of modified 
TiO2 nanocrystals – this could be caused by the content of brookite phase 
in 0.0AA as suggested by Liu et al. [30] previously. The mean pore size 
and pore volume were derived from Barrett-Joyner-Halenda (BJH) 
desorption, and pore size distribution is presented as depicted in Figure 3. 
 
Fig. 3. BJH desorption dV/dD plot of all TiO2 nanocrystals. 
Figure 3 indicated the mesoporous nature all TiO2, where pore widths were in the 
range between 2 nm and 50 nm. Specifically, the range of pore diameter was between 
5.76 nm and 16.65 nm and in accordance with IUPAC mesopores classification [31]. 
X-ray photoelectron spectrometer (XPS) analysis 
XPS analysis was conducted to investigate the surface chemical states of the 
synthesized materials. XPS spectra revealing the classical peaks for Ti 2p are presented 
in Figure 4. 
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Fig. 4. XPS Spectra of Ti 2p of selected TiO2 nanocrystals. 
In Figure 4, the binding energy (BE) of Ti 2p3/2 and Ti 2p1/2 was indexed to 
458.69 eV and 464.37 eV for P25 TiO2. The values correspond to the presence of Ti(IV) 
oxide and close to the standard Ti 2p3/2 of 458.66 eV and Ti 2p1/2 of 464.31 eV [32]. A 
similar trend can trace for 0.0AA in which the peaks Ti 2p3/2 and Ti 2p1/2 were located at 
458.96 eV and 464.61 eV respectively. Nevertheless, the addition of AA contributed to 
the peaks alteration of Ti4+ oxidation state, which was revealed by the peaks at 461.33 
eV and 467.33 eV respectively. The BE shifted to a higher value in 0.8AA, and this 
implies that the TiO2 lattice has been distorted by the interstitial doping of C in TiO2 
matrix. The result is in a good agreement with XRD analysis and recent research work 
by S.K Warkhade et al. [33]. 
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Fig. 2. XPS Spectra of selected TiO2 nanocrystals: a) O 1s and b) C 1s. 
Further explanation can be derived from XPS spectra of O 1s and C 1s as plotted 
in Figure 5(a) and 5(b). In Figure 5(a), typical peaks that reflect the lattice oxygen (Ti-
O) presence were detected at 529.93 eV and 530.05 eV for P25 TiO2 and 0.0AA 
respectively [34–36]. The peaks associated with oxygen bonded with metal (Ti-OH) or 
a surface hydroxyl group (-OH) were located at 530.81 eV and 532.00 eV for P25 TiO2 
and 0.0AA respectively [34–36]. Further evidence of interstitial incorporation of C in 
TiO2 lattice was observed in 0.8AA at peaks of 532.76 eV and 534.43 eV. The recorded 
result is in agreement with FTIR spectra that show an increasing intensity of band 
ascribed with OH group. Moreover, S. Warkhade et al. [33] also concluded that TiO2 
distortion caused by C would elevate BE to a higher value. 
Figure 5 (b) presents the deconvoluted XPS spectra of C 1s. Two mains peaks 
indexed to C-H bond or C-C bond and double bond C=O were 284.88 eV and 288.76 
eV for P25 TiO2 [36]. Identical peaks were also observed in 0.0AA at peaks of 285.44 
eV and 289.16 eV [35]. Meanwhile, both peaks of 281.01 eV (0.8AA) and 281.01 (P25 
TiO2) were attributed to substitutional Ti-C bond as mentioned by M.A. Mohamed et al. 
[5]. New peak also emerged at 293.39 eV for 0.8AA which could be caused by the 
addition of AA. 
Diffuse Reflectance UV-vis (DRUV-vis) analysis 
DRUV-vis analysis was employed to investigate the light absorption properties 
of TiO2 nanocrystals with standard reference of the P25 TiO2 sample. Figure 6 displays 
the DRUV-vis plots of all TiO2 nanocrystals which include the absorbance plot and 
Kubelka-Munk plots. 
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Fig. 3. DRUV-vis plot of all TiO2 nanocrystals a) Abs vs. wavelength, b) Kubelka-Munk 
plot (indirect) c) Kubelka-Munk plot (direct). 
To limit possible errors in the estimation of band gap energy (Eg), the values of 
Kubelka-Munk function F(R) were directly recorded from the DRUV-vis spectroscopy. 
Meanwhile, the usual practice is by converting the reflectance data (%R) into absorption 
mode as reported by several researchers [37–39]. Then, it will be plotted in Kubelka-
Munk plot, [(F(R).hυ]1/n vs hυ where n = 2 for indirect transition and n = ½ direct 
transition. In this case, the estimation of Eg has been conducted by from calculation 
from estimated absorption edge and both Kubelka-Munk plots as stated above. 
In Figure 6(a), it is apparent that all TiO2 samples including P25 have absorption 
edge beyond 400 nm. This finding contradicts to the previous research works which 
highlighted on absorption capability of P25 in UV region only (< 400 nm) [5,33]. In this 
case, the light absorption of all TiO2 nanocrystals was shifted from 2.95 eV (P25 TiO2) 
to 2.76 eV (0.0AA), 2.34 eV (0.4AA), 2.25 eV (0.8AA) and 2.00 eV (1.2AA). M.A. 
Mohamed et al. [5] previously stated that non-metal doping could induce a mid-gap 
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state which donates or receives electrons in the band gap of TiO2. Hence, the addition of 
AA can distort TiO2 lattice via  C element and lower the band gap of TiO2 [5,22,33]. 
Figure 6(b) and 6(c) show the Kubelka-Munk plot of indirect and direct 
transition respectively. It can be seen that the Eg values estimated from indirect 
transition were much lower compared to that of direct transition. Also, the 
calculated Eg values from indirect transition were much closer to the measured 
Eg values using absorbance method. The comparisons of Eg values from all 
three methods were summarized in Table 3, where the phase composition of 
crystalline phases was also provided. 
Table 3. Estimated band gap energy (Eg) values for all TiO2 nanocrystals  
with each respective phase composition. 
TiO2 Eg (eV) Eg (eV) Eg (eV) A/R/B 
nanocrsytals (absorbance) (indirect 
method) 
(direct 
method) 
composition 
(%)* 
P25 2.95 2.96 3.21 89.0/ 11.0 
0.0AA 2.76 2.79 3.04 17.6/ 61.2/ 21.2 
0.4AA 2.34 2.47 2.36 100.0 
0.8AA 2.25 2.36 2.26 100.0 
1.2AA 2.00 1.96 2.04 100.0 
*From XRD data analysis  
 
To make the discussion more precise and straightforward, the Eg values measured 
from absorption edge have been utilized in this part. From Table 3, it can be suggested 
that the phase composition of TiO2 significantly influences the Eg values, where all the 
AA-enhanced TiO2 were in pure anatase phase and have Eg values less than 2.50 eV.  
L. Cano-Casanova et al. [40] concluded that the higher the composition of 
anatase phase in TiO2 nanocrystals, the lower the Eg values of respective TiO2. In fact, 
N. Sangiorgi et al. [39] further strengthen the hypothesis by correlating the Eg values 
with lattice parameters, polycrystalline, amorphous phases and grain boundaries. Thus, 
the addition of AA to TiO2 nanocrystals contributed to the alteration of TiO2 
crystallographic features and shifted the range of absorption into the visible region. 
CO2 photoreduction analysis 
CO2 photoreduction under visible light spectrum was conducted for 6 hours 
irradiation overall synthesized TiO2 and P25 TiO2 nanocrystals. 
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Fig. 4. Amount of HCOOH (normalized by catalyst mass) produced by CO2 
photoreduction with H2O during 6 h visible light irradiation. 
Control experiments were performed to validate the products obtained from the 
CO2 photoreduction were only originated from CO2. Firstly, the test only involved CO2 
and medium (limewater, Ca(OH)2) in the dark and under light irradiation. No CO2 
possible reduction products were detected in both tests with or without light. Next, the 
P25 TiO2 and all AA-enhanced TiO2 were loaded into the reactor under light irradiation 
without any supply of CO2. The same outcome was obtained as presented above. 
Identical control experiments were also conducted by recent research studies [4, 20, 38]. 
Thus, this indicates that bubbled CO2 was the only carbon source in the reaction 
On the contrary, only formic acid (HCOOH) was detected in the CO2 
photoreduction overall TiO2 nanocrystals in 6 hours irradiation under visible light. Other 
possible products such as CH3OH and HCHO were undetected. Figure 7 displays the 
amount of HCOOH produced from CO2 photoreduction over TiO2 nanocrystals. The 
best performing photocatalyst was 0.8AA with amount HCOOH produced of 39.3 
μmol/g cat. The value almost doubled the amount of HCOOH produced by P25 which 
was 21.3 μmol/g cat. The sequence of HCOOH production by respective catalyst can be 
summarized as followed: 0.8AA>1.2AA>P25>0.0AA>0.4AA.  
It was no coincidence that 0.8AA has the highest BET surface area, SBET of 
135.14 m2/g compared to SBET of 49.02 m2/g of P25. However, the BET surface area is 
not the only determining factor of CO2 photoreduction since 0.4AA has the lowest 
HCOOH production of 17.0 μmol/g cat despite possessing high BET surface area (SBET = 
107.12 m2/g). Moreover, 0.4AA has the lowest intensity of Ti-OH bending bond in 
FTIR analysis compared to the other synthesized TiO2. J. Low et al. [41] asserted that 
one of the critical aspects in CO2 photoreduction is the adsorption ability of TiO2 
towards CO2 molecules. Thus, lack of Ti-OH bond can significantly affect the CO2 
photoreduction process. 
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Nevertheless, the crystalline composition also contributes to the effectiveness of 
CO2 photoreduction with H2O. Liu and Li [42] summarized that efficient charge transfer 
and separation between anatase and rutile strongly enhances CO2 photoreduction over a 
binary mixture of anatase-rutile (P25) compared to monophasic anatase or rutile. 
Another essential point is the light absorption ability of TiO2 in the visible region. Both 
0.8AA and 1.2AA have much lower Eg values of 2.25 eV and 2.00 eV, which enable 
them to absorb light from the visible region and contribute to more significant HCOOH 
production. The results proved that CO2 photoreduction is an integrated reaction which 
involves several determining factors CO2 such as surface area, crystalline composition, 
crystallite size and also light harvesting properties [7, 43].  
Conclusions 
In conclusion, visible light responsive TiO2 has been successfully fabricated in 
simple hydrothermal procedure with the incorporation of ascorbic acid, C6H8O6 (AA). 
The characterization results had signified the TiO2 lattice distortion by the incorporation 
of C element. Besides, the BET surface area, SBET was also proportionally increased 
with the increment of AA loading with the highest SBET value of 135.14 m2/g for 
0.8AA. Notably, the addition of AA has significantly affected the light harvesting 
ability and induced a red shift in the absorption edge of the TiO2 nanocrystals. In fact, 
the highest amount of HCOOH produced over 6 hours visible light irradiation was 39.3 
μmol/g cat for 0.8AA. Moreover, the obtained HCOOH amount was almost 50% higher 
compared to the obtained HCOOH amount of P25 TiO2. However, further investigation 
should be conducted to find the right combination of anatase crystallite size, visible 
light harvesting, surface area, and nature of the catalyst and optimal pH of the reaction 
medium. 
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